Epithelial to mesenchymal transition (EMT) is associated with a wide range of changes in cancer cells, including stemness, chemo-and radio-resistance and metastasis. The mechanistic role of upstream mediators of EMT has not yet been well characterized. Recently, we showed that non-small cell lung cancers (NSCLCs) that have undergone EMT overexpress AXL, a receptor tyrosine kinase. AXL is also overexpressed in a subset of triple-negative breast cancers (TNBCs) and head and neck squamous cell carcinomas (HNSCCs) and its overexpression has been associated with more aggressive tumor behavior and linked to resistance to chemotherapy, radiation, and targeted therapy. Since the DNA repair pathway is also altered in patient tumor specimens overexpressing AXL, it is hypothesized that modulation of AXL in cells that have undergone EMT will sensitize them to agents targeting the DNA repair pathway. 
Abstract:
Epithelial to mesenchymal transition (EMT) is associated with a wide range of changes in cancer cells, including stemness, chemo-and radio-resistance and metastasis. The mechanistic role of upstream mediators of EMT has not yet been well characterized. Recently, we showed that non-small cell lung cancers (NSCLCs) that have undergone EMT overexpress AXL, a receptor tyrosine kinase. AXL is also overexpressed in a subset of triple-negative breast cancers (TNBCs) and head and neck squamous cell carcinomas (HNSCCs) and its overexpression has been associated with more aggressive tumor behavior and linked to resistance to chemotherapy, radiation, and targeted therapy. Since the DNA repair pathway is also altered in patient tumor specimens overexpressing AXL, it is hypothesized that modulation of AXL in cells that have undergone EMT will sensitize them to agents targeting the DNA repair pathway. Downregulation or inhibition of AXL directly reversed the EMT phenotype, led to decreased expression of DNA repair genes and diminished efficiency of homologous recombination (HR) and RAD51 foci formation. As a result, AXL inhibition caused a state of HR-deficiency in the cells, making them sensitive to inhibition of the DNA repair protein, PARP1. AXL inhibition synergized with PARP inhibition, leading to apoptotic cell death. AXL expression also associated positively with markers of DNA repair across TNBC, HNSCC and NSCLC patient cohorts.
Implications:
The novel role for AXL in DNA repair, linking it to EMT suggests that AXL can be an effective therapeutic target in combination with targeted therapy such as PARP inhibitors in several different malignancies.
Introduction:
AXL belongs to the TAM (Tyro3, AXL, Mer) family of receptor tyrosine kinases that are expressed on the surface of cancer cells, endothelial cells (vasculature) and some normal tissues (1). AXL is associated with metastasis, invasion and migration in many cancers including breast cancer (2) and lung cancer (3) . Inhibition of AXL strongly diminished proliferation and migration of MCF7 and DAL breast cancer cell lines (2) . AXL knockdown in mouse xenografts of A549 (non-small cell lung) and MDA-MB-231 (breast) cancer cell lines led to a modest decrease in tumor growth (3) . Additionally, AXL knockdown reduced lung metastasis in MDA-MB-231 cell lines (3) and attenuated migration and anchorage-independent growth in other cancer types such as pancreatic cancer (4) and hepatocellular carcinoma cell lines (5) . Forced expression of AXL can transform NIH3T3 cells leading to neoplastic transformation (6) .
Our group and others have previously shown that AXL is overexpressed in human tumors that have gone through epithelial to mesenchymal transition (EMT) (7) (8) (9) , and it is one of the key genes from our published EMT signature developed in non-small cell lung cancer (NSCLC) (8) .
This 76-gene EMT signature predicted resistance of NSCLC cell lines and patient tumors to EGFR tyrosine kinase inhibitors (TKIs) (a standard of care for NSCLC), which could be partially reversed in preclinical models by co-targeting AXL (8) . Recently, we built upon this prior finding in NSCLC to develop a pan-cancer EMT signature from 12 different cancer types (10) .
In that study, high AXL expression was observed at the protein and mRNA level in mesenchymal cell lines and pan-cancer cohorts from diverse cancer types. AXL expression correlated highly along with the core EMT markers in all the tumor types examined and corresponded to differences in drug sensitivity (10) .
AXL has also been linked to resistance to chemotherapy, radiotherapy and targeted therapy in a large number of cancer types. For example, in lapatinib-resistant HER2+ breast cancer cell lines, there was an increase in the expression levels of both total AXL and phospho-AXL. Inhibition of AXL reversed lapatinib resistance in these cells (11) . Furthermore, as with lung cancer, EMT and AXL can mediate resistance to EGFR inhibition in breast cancer cell lines (8, 9) . AXL overexpression also protected chronic myelogenous leukemia cell lines from growth inhibitory potential of imatinib (leading to drug resistance), while knockdown of AXL in these cells led to apoptosis of the resistant cell lines (12) . Furthermore, AXL expression has been associated with primary or acquired resistance to DNA damaging therapies and may prevent normal DNA damage response (DDR) in a number of cancer types. Specifically, AXL expression has been recently shown to be associated with radio-resistance in HNSCC and AXL inhibition increased their sensitivity to chemotherapy and radiation (13) . In esophageal cancer, high AXL expression was associated with in vitro resistance to cisplatin-induced apoptosis and prevented DNA damage induced cellular responses (14) . AXL gene-expression was also upregulated in cisplatin-resistant ovarian cancer cells, although targeting AXL in these cell lines had minimal effect on growth (15) . AXL silencing in a panel of breast and lung cancer cell lines led to sensitizing these cell lines to mitotic inhibitors, suggesting that AXL inhibition can sensitize mesenchymal tumors to agents causing DNA damage and cell cycle inhibition (16) .
Collectively, these studies suggest that inhibition of AXL in multiple malignancies is likely to result in re-sensitization to targeted therapy, radiation and chemotherapy, possibly through enhancing/promoting DDR.
In this study, we interrogated the role of AXL in EMT and DNA damage response across three different malignancies (NSCLC, TNBC and HNSCC). We show that AXL can directly mediate EMT using stable knockdown models of AXL. We also introduce a novel role for AXL in positively facilitating homologous recombination (HR) mediated DNA repair at the gene expression as well as functional levels. Finally, we show that AXL inhibition leads to a defect in the HR DNA repair pathway, sensitizing cells to PARP inhibition, thus providing a novel therapeutic combination spanning three different cancer systems. The association between AXL and DNA repair protein expression was further validated in TNBC, NSCLC and HNSCC patient cohorts, where higher AXL levels in patient tumors was associated with increased expression of multiple DNA repair proteins, especially those involved in homologous recombination DNA repair process.
Materials and Methods: Cell lines and culture conditions
All breast and lung cancer parental cell lines used in this study were purchased from American Type Culture Collection (Manassas, VA). Triple negative breast cancer cell lines, (MDA-MB-231, MDA-MB-436, MDA-MB-157) and human mammary epithelial cells line (MCF-10A) were cultured as previously described (17, 18) . Non-small cell lung cancer cell lines (SKLU1, Calu1, H1993) were cultured in RPMI medium in the presence of 10% FBS. Head and neck squamous cell carcinoma cell lines (584, HN5, 1386-LN) were provided by Dr. Jeffrey
Myers at MDACC and cultured in DMEM in the presence of 10% FBS and growth factors, as previously described (19) . All cells were free of mycoplasma contamination. Cell lines were identified and authenticated by karyotype and short tandem repeat analysis using the MD To measure DNA damage response by γH2AX staining, cells were plated at 10,000 cells per well in an 8-well chamber slide. After 24 hours, cells were treated with the AXL inhibitor 25 nM TP0903 and incubated for 48 hours. Cells were then transferred to fresh drug-medium for 48 hours, following which they were fixed in 4% paraformaldehyde for 20 minutes before staining.
For measurement of RAD51 foci, cells were plated at 10,000 cells per well in an 8-chamber slide. After 24 hours, cells were treated with DMSO or the AXL inhibitor (25 nM TP0903) in the presence of 0.5 μg/ml doxorubicin and incubated for 48 hours. Cells were then transferred to fresh drug medium for 48 hours. For the AXL KD immunofluorescence, 10,000 cells were plated per well in an 8-well chamber and treated with doxorubicin as described above. Primary antibodies, prepared in 1% BSA were added to the cells according to the manufacturer's instructions, followed by a 2 hour incubation at room temperature in a moist chamber. Primary antibodies used were γH2AX (mouse monoclonal, Millipore, Billerica, MA) and RAD51 (rabbit polyclonal, obtained as a kind gift from the laboratory of Dr. Junjie Chen, MD Anderson Cancer Center, Houston, TX). Secondary antibody was added after washing cells thoroughly in PBS.
Cells were incubated with secondary antibodies tagged with Alexa fluor dyes (goat-anti-mouseAlexafluor-488 and goat-anti-rabbit-Alexa fluor-594, Invitrogen, Carlsbad, CA) for 1 hour at room temperature. After rinsing and washing thoroughly with PBS, slides were mounted using Vectashield mounting medium containing DAPI and sealed. Cells were visualized in Olympus 1X81 DSU confocal microscope and images were analyzed using Slidebook.
Apoptosis Assay
Harvested cells were resuspended in annexin-binding buffer (10mM HEPES, 140mM NaCl, and 2.5mM CaCl 2 , pH 7.4) and brought to a final volume of 1 x 10 6 cells/mL allowing for 100 μl per assay. 5 μl of annexin V conjugate was added to each 100 μl of cell suspension and incubated for 15 minutes at room temperature. Finally, 400 μl of annexin-binding buffer was added to each sample and analyzed by flow cytometry at 650/660nm.
Homologous Recombination (HR Assay)
To measure HR efficiency, a two plasmid-HR assay was used as described previously (21) . Briefly, cells were plated at about 0.4 x 10 6 cells per well in a 6-well plate. After an overnight incubation, the two plasmids: pSce-I and pDR-GFP were transfected into the cells using jetPRIME transfection reagent (Polyplus transfection system, New York, NY). 
High-Throughput Survival Assay (HTSA)
Cells were seeded at a density of 2,000 cells/well in a 96-well plate and treated with the indicated concentration of a single drug or combination after 24 hours. Drug medium was changed every 72 hours for 7 days. Cells were then released into complete drug-free medium for 4 days, with medium being changed every 48 hours. On the day of harvest, 100 μl per well of 2.5 mg/ml MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma) was added to serum-free media and allowed to incubate at 37°C for 3-4 hours. After incubation, media was removed and 100μl solubilization solution (0.04M HCl, 1% SDS, in isopropyl alcohol) was added to each well. Plates were lightly rocked at room temperature for 1 hour and read on a plate reader (Epoch Microplate Spectrophotometer, Gen 5 software, BioTek, Winooski, VT) at wavelength 590 nm. Combination indices were measured using calcusyn.
Clonogenic Assay
For clonogenic/colony-formation assay, 5,000 to 10,000 cells (depending on the plating efficiency of each cell line; data not shown) were plated in each well of 6-well plates, treated for 6 days, and allowed to recover for 6 days in the absence of drug. Cells were then washed with PBS and stained with a 0.5% crystal violet solution in 25% methanol for 10 minutes. Plates were then scanned to obtain pictures. The plates were then solubilized with crystal violet solubilization solution (0.1% sodium citrate in 50% ethanol), and absorbance was measured at 570 nm using the Epoch Microplate Spectrophotometer (BioTek Instruments, Inc, Winooski, VT). Values were normalized to those of their no treatment controls and analyzed in GraphPad Prism.
RPPA and gene expression analysis of human patient tumors
The MDACC PROSPECT cohort (Profiling of Resistance patterns and Oncogenic Signaling Pathways in Evaluation of Cancers of the Thorax) of surgically resected NSCLC tumors was collected and profiled by reverse phase protein array (RPPA) as previously described (22) . RPPA data from tumor cohorts for lung adenocarcinoma and lung squamous patients from
The Cancer Genome Atlas (TCGA) were profiled similarly using previously established methods (8, (23) (24) (25) . mRNA expression data for triple negative breast cancer (TNBC) generated on Affymetrix U133A microarray platform was downloaded from Gene Expression Omnibus (GEO, accession number GSE20194) (26, 27) . 
Results: Direct role of AXL in regulating EMT
To examine the ability of AXL to directly regulate cell survival and EMT, AXL was stably downregulated in NSCLC and TNBC cell lines (at least 2 cell lines per tumor type).
Western blot analysis shows that while AXL was differentially expressed in each cell line, infection of shRNA to AXL resulted in >70% downregulation of the protein (Fig. 1A and Supp. Table   1 ). The greater effect in SKLU1 cell line can potentially be explained by higher levels of AXL expression in SKLU1 accompanied by a higher mesenchymal score (8) . Next, the effect of AXL on EMT status was examined using the EMT transcription factors Twist, Slug, ZEB1 and mesenchymal markers N-cadherin and vimentin. Stable knockdown of AXL suppressed all of the EMT transcriptional factors and mesenchymal markers as measured by qRT-PCR in all the cell lines examined (Fig. 1C) . Additionally, AXL knockdown led to a reversal of the EMT phenotype, seen by an increase in E-cadherin protein levels and decrease in ZEB1 protein levels 
Regulation of DDR by AXL in NSCLC, breast, and head and neck cancers
Since EMT has been linked to DNA damage response (DDR) (29, 30) and AXL to radioresistance (13, 31), we hypothesized that AXL inhibition may directly regulate DNA repair machinery such that cells will become sensitive to DNA damaging agents. To directly test this hypothesis, we measured the accumulation of DNA damage upon AXL inhibition and stable AXL knockdown across all three-cancer systems. NSCLC (SKLU1), TNBC (HCC1806) and HNSCC (584) cell lines were treated with a specific AXL inhibitor, TP0903 (25 nM) for 96 hours and DNA damage response was measured by γH2AX staining of cells and reverse phase protein array (RPPA) analysis (Supp. Table 2 ) of major players involved in DNA repair, including DDR, mismatch repair and base excision repair proteins using cell lysates of treated cells. Results revealed that AXL inhibition led to an accumulation of DNA damage over a period of 96 hours ( Fig. 2A) , suggesting that AXL inhibition may interfere with an inherent cellular mechanism of DNA damage and repair. For example, we observed a significant increase in the percent cells exhibiting more than 10 γH2AX foci per cell following treatment with TP0903 in all cell lines examined. Specifically, the percentage of cells exhibiting more than 10 foci/cell increased by 7 fold in HCC1806 (p<0.0001), 1.5 fold in SKLU1 cells (p<0.0001) and 6-fold in 584 (p<0.0001) (Fig. 2A) . Annexin staining of these cell lines in the presence of the AXL inhibitor showed only a marginal increase in apoptosis at 24, 48 and 96 hours of treatment, indicating that the increase in γH2AX staining can be attributed to an increase in DNA damage rather than apoptosis (Supp. Fig. 2A) . Further, RPPA analysis revealed a cancer-system dependent decrease in the protein levels of both AXL (data not shown) and DNA repair proteins following early time points (24h and 48h) of TP0903 treatment (Fig. 2B) . For example, as early as 24 hours post TP0903 treatment, NSCLC cell lines showed a decrease in the protein levels of RAD50 (SKLU1) and RAD51 (Calu1), a protein directly involved in homologous recombination (HR) DNA repair (Fig. 2B, top panel, p<0 .0001). In TNBCs, there was a consistent decrease in the protein levels of c-Myc (p<0.0001 HCC1806 and p<0.005 MDA-MB-231), which is involved in the transcription of DNA repair proteins such as RAD51 (32) (Fig. 2B, middle panel). In HNSCC cell lines, there was a decrease in the protein levels of ATM (Fig. 2B, Fig. 3A) . Lastly, using AXL Fig. 2C) .
We next interrogated if DNA repair genes are altered at the mRNA level following treatment (48 hours) with the AXL inhibitor, TP0903. Results revealed that the mRNA expression of key DNA repair proteins (RAD51, BRCA2, E2F1, RAD54L and BRCA1) decreased significantly at 48 hours post-treatment with 25 nM TP0903 in TNBC (MDA-MB-157, HCC1806), NSCLC (SKLU1) and HNSCC (584) cell lines (Fig. 3A) . For example, RAD51 levels were reduced by 2-fold in MDA-MB-157 (p<0.005) and SKLU1 (p<0.05) and 2.5 fold in HCC1806 (p<0.005) and 584 (p<0.05) cell lines. Additionally, BRCA2 levels decreased by 2-fold decrease in MDA-MB-157 (p<0.05), 2.5 fold in HCC1806 and 584 (p<0.005 and <0.05 respectively) and almost ten-fold in SKLU1 (p<0.0001) cell lines. Fold decrease in E2F1 and RAD54L were subtler, albeit significant in the majority of cell lines examined. Lastly, BRCA1 levels did not show any significant changes in MDA-MB-157 and HCC1806, but decreased by 3-fold and 2-fold respectively in SKLU1 (p<0.005) and 584 (p<0.0001) cell lines. To examine the specificity of TP0903 for AXL, we measured the RNA levels of RAD51, BRCA2, E2F and RAD54L in cell lines stably knocked down for AXL, which showed a decrease in expression of the DNA repair genes in all the cells lines examined (Fig. 3B and Supp. Fig. 3B) . Specifically, (Fig. 3C, 3D ). For example, MDA-MB-157 cells showed a 4-fold decrease and SKLU1 cells showed a 2-fold decrease in the percent of cells exhibiting more than 20 RAD51 foci per cell (p<0.05) (Fig. 3D) foci despite the induction of DNA damage by doxorubicin (Fig. 3F, 3G) . (Fig. 4A, 4C and Supp. Fig. 4A ). Combination index (CI) generated from isobologram plots indicated synergy in mesenchymal cell lines from all three cancer systems (CI<1 for all) (Fig. 4A and Supp. Fig. 4A ). In contrast, the epithelial cell lines H1933 (NSCLC) and HN5 (HNSCC) showed minimal to no synergy across all of the concentrations of the AXL inhibitor in combination with olaparib (CI>1) (Fig. 4B and Supp.   Fig. 4B) . Similarly, MCF10A, an immortalized human breast epithelial cell line used here as a negative control, was unresponsive to olaparib as a single agent or in combination with TP0903 (Fig 4B, 4C and Supp. Fig. 4C ). To further confirm the synergy between AXL and PARP inhibitors, we carried out a clonogenic colony formation assay with MDA-MB-157 and SKLU1 cell lines. Results showed a significant decrease in colony formation with combined treatment of PARP inhibitor (0.5μM olaparib) and AXL inhibitor (25nM TP0903) (p<0.005 and p<0.05 respectively) (Fig.   4D ). While treatment with the PARP or AXL inhibitor alone led to a 40-60% increase in colony formation, the combination led to a >80% increase in colony formation compared to control (Fig. 
Inhibition of AXL sensitizes cells to PARP inhibition
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4D -right).
To further validate our finding that AXL inhibition caused synthetic lethality with PARP inhibitors, we tested the combination of the PARP inhibitor, olaparib with another highly selective AXL inhibitor, R428 (also called BGB324). Similar to TP0903, the combination of R428 and olaparib was also highly synergistic, yielding a combination index of <1 in MDA-MB-157 (TNBC) and SKLU1 (NSCLC) cell lines (Fig. 4E) .
We next validated if the key DNA repair/damage proteins identified by RPPA from cells treated with single-agent TP0903 (Figure 2) were also modulated by the combination treatment with TP0903 and olaparib. Western blot analysis revealed that treatment of three cell lines, MDA-MB-157 (TNBC), SKLU1 (NSCLC) and 584 (HNSCC) with AXL inhibitor alone (25, 50 and 100 nM TP0903) led to a concentration-dependent decrease in protein levels of AXL, RAD51, MRE11, E2F1 and c-Myc. However, treatment with PARP inhibitor alone (1 uM olaparib) had minor effects on these proteins (Fig. 4F and Supp. Fig. 4D) . Notably, when the AXL inhibitor was combined with olaparib, there was a cumulative increase in the levels of cleaved PARP, indicating that the combination of AXL and PARP inhibitors induce apoptosis (Fig. 4F and Supp. Fig. 4D ). Since all pharmacologic agents can have off target effects, we examined the specificity of the synergism between AXL and PARP inhibitors by interrogating whether stable knockdown of AXL (in lieu of pharmacologic inhibition) was sufficient to sensitize cells to the PARP inhibitor. Similar to the AXL inhibitors, cell counting assay showed that stable AXL knockdown sensitized cells to the PARP inhibitor across all the three cancer systems (HCC1806, SKLU1 and 584 cell lines) (p<0.05) (Fig. 4G) . Moreover, stable knockdown of AXL in MDA-MB-157 and SKLU1 cells, and AXL KD in combination with PARP inhibitor (1μM olaparib) treatment diminished protein levels of RAD51, E2F1 and MRE11, similar to TP0903 treatment (Supp. Fig. 4E ).
We next interrogated the biological effects of AXL (25 nM TP0903) and PARP inhibitors (0.5 uM olaparib) as single agents or in combination (TP0903+olaparib), by examining apoptosis using Annexin-V staining and cell cycle analysis. The AXL inhibitor alone resulted in 20-40% Annexin V positivity, while single agent PARP inhibitor did not cause significant apoptosis in TNBC, NSCLC and HNSCC cell lines (Fig. 5A) . In contrast, the combination caused a much larger increase in the percentage of Annexin-V positive cells (between 30-80% with the combination, versus 10-50% with either drug alone, depending on the cell line) following a 7-day treatment interval in mesenchymal cell lines in all three cancer types (Fig. 5A) . Examination of sub-G1 population in the treated cells also showed a significant increase in the percentage of cells at the sub-G1 stage when treated with the combination, but not with single agents alone. (Fig. 5B, 5C and Supp. Fig 5) . Further, an increase in G2/M phase of the cell cycle was also observed with the combination treatment in the mesenchymal cell lines, HCC1806, SKLU1 and 584 (Fig. 5C and Supp. Fig 5) . To decipher if the increase in apoptosis and changes in cell cycle (Fig. 5A-5C and Supp. Fig. 5C ). To validate the increase in apoptosis and cell cycle changes seen with the combination treatment, we used cells stably knocked down for AXL and treated them with olaparib. AXL knockdown alone caused a significant increase in apoptosis compared to the control cells containing a scramble shRNA (Fig. 5D) . This was further enhanced in the presence of olaparib in MDA-MB-157 and SKLU1 cells, confirming the synergy between inhibition of AXL and PARP (p<0.005) (Fig. 5D) .
Further, treatment of MDA-MB-157 and SKLU1 AXL knockdown cells with olaparib led to a moderate increase in sub-G1 population and an increase in G2/M compared to Scrambled and no treatment AXL KD cells (Fig. 5E) . Collectively, the data presented recognize AXL as a targetable mediator of DNA damage repair and demonstrate a synergistic response with AXL and PARP inhibition in mesenchymal tumors. Fig. 6 ). Molecular profiling revealed that AXL expression associates positively with survival mechanisms linked with cellular stress such as DNA repair (RAD51, BRCA2, MSH2, MRE11, XRCC-1, ATR) and negatively with apoptosis in all patient cohorts (Fig. 6A-6D and Supp. Fig. 6, 7A, 7B ) (FDR<5% and Spearman rho value greater than +/-0.35). In NSCLCs, AXL expression correlated positively with DNA repair proteins, including proteins such as RAD51, MRE11, XRCC1 and BRCA2 (Fig. 6A and Supp.   Fig. 7A) . In lung squamous cell carcinoma (LUSC), positive correlations were seen with BRCA2, RAD51, E2F1 and X53BP1, which are shown to facilitate DNA repair (Fig. 6B and Supp. Fig. 7A ). With HNSCC, a consistent positive association was seen with RAD51, BRCA2, MRE11 and E2F1 (Fig. 6C) . These findings were then validated in TNBC by correlating AXL mRNA levels with those markers identified in the lung and HNSCC cohorts. In TNBCs, AXL gene expression with was positively associated with ATM, CHEK2, BRCA2 and MRE11, substantiating the positive association of AXL with major mediators of DNA repair in cancer cells (Fig. 6D) . This observation that high AXL expression is associated with increased expression of DNA repair genes across multiple tumor types is consistent with our in vitro results that indicate a direct role for AXL in regulating DNA repair.
Association between AXL expression and DDR in patient tumors

Discussion:
AXL has been established as one of the major players mediating intrinsic and acquired resistance to anti-cancer drugs. For example, AXL expression was shown to be higher in patients with drug-resistant leukemia and AXL was induced by chemotherapy drugs in leukemia cell lines (34) and by cisplatin in non-small cell lung cancer cells (35) . Several studies by our group and others have shown the involvement of AXL in causing EMT-associated resistance to targeted therapy such as EGFR inhibitors and PI3K inhibitors (8) (36) . In these studies, inhibition of AXL in the mesenchymal cancer cells re-sensitized these cells to either chemotherapy or targeted therapy (8, 9, 16, 36) . Further, the relationship between EMT and DNA repair pathways has been recently observed in several systems. For example, the DNA repair protein ATM has been shown to stabilize ZEB1, which in turn stabilizes CHK1 (37) . In another study, radioresistant prostate cancer cells have an increased ability to form colonies, spheroids and invade, indicating that the EMT phenotype is linked to upregulation of DNA repair pathways (38) .
AXL is a receptor tyrosine kinase that is enriched in mesenchymal tumors and a key marker of EMT, but its functional role in EMT has not yet been demonstrated. While AXL's role in cisplatin resistance and radio-resistance was established in esophageal, lung and head and neck cancer types, the mechanism remains unknown (13, 14) . In this study, we utilized stable knockdown systems and high-throughput proteomics to demonstrate a novel relationship between AXL and DNA repair proteins that are crucial for homologous recombination (HR)-mediated DNA repair. These results establish for the first time, a link between AXL and DNA repair, and provide evidence for AXL inhibition mediated sensitization to PARP inhibitor therapy.
We first show that AXL can directly regulate EMT using a stable knockdown system, which revealed an increase in E-cadherin and decrease in mesenchymal factors with AXL downregulation. Similar assays in AXL downregulated HNSCC cell lines produced very similar results (data not shown). Thus, the effect of AXL on EMT transcription factors and EMTmediated cellular behavior was seen to be consistent across all cells lines examined in this study belonging to the three cancer types (i.e. TNBC, NSCLC, HNSCC), implicating AXL as a mediator of EMT. Furthermore, AXL also suppressed TGFβ-induced EMT, suggesting a role for AXL downstream of TGFβ, and this warrants future investigation. Functionally, we have unveiled that AXL inhibition can lead to decrease in mRNA levels of genes, which, when expressed, play a major role in HR DNA repair. As a result, inhibition of AXL can hinder the HR DNA repair process. Thus, a state of "HR deficiency" is created when AXL is inhibited or downregulated (Supp. Fig. 7C ). Hence combination with PARP inhibitors, which are known to affect base excision repair, results in accumulation of DNA damage, leading to apoptosis (Fig. 6E) . Interestingly, at early time points, the DNA repair genes that are downregulated seem cancer-system or cell line specific. However, over 4 days of treatment, RAD51, MRE11 and E2F1 seem commonly downregulated across all the cancer systems. It is notable that c-Myc and E2F1 are known transcription factors that promote expression of genes involved in G2/M and S-phase transitions (DNA replication and repair) such as RAD51, RAD54L, CHK1 and RPA3 (23, 32, 39) .
Moreover, the link between AXL and DNA repair proteins in treatment-naive human patient tissue samples supports the physiological significance of this connection. The state of HR deficiency that is induced by AXL inhibition provides rational to effectively combine them with drugs affecting an alternate DNA repair pathway, including PARP inhibitors. This study provides preclinical evidence that this combination of AXL and PARP inhibitors is synergistic, elicits a synthetic lethal effect and induces apoptosis specifically in the cancer cells that express high AXL. Thus, the EMT signature previously developed by our group, which also includes AXL as a mesenchymal marker, could potentially be used as a biomarker, to identify which tumors will be the most susceptible to the combination treatment. 
